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by Rumex obtusifolius roots

Birol Isik

Department of Chemistry, Faculty of Arts & Sciences, Yildiz Technical University, Esenler, Istanbul, 34220, Turkey

(Received 4 August 2023 « Revised 23 August 2023 o Accepted 2 September 2023)

Abstract—Rumex obtusifolius roots were utilized within the scope of zero waste. Sorption of methylene blue and
congo red dyes from wastewater was carried out. First, surface properties were determined using inverse gas chroma-
tography. By this method, it was found that the surface of Rumex obtusifolius roots was acidic (Kp/K,=0.13). The point
of zero charge value of Rumex obtusifolius roots was determined as 5.62. Based on these results and selectivity studies,
suitable dyes were selected for sorption studies. Experimental design was used for the first time to determine the para-
metric effects and to improve the process for the highest methylene blue and congo red removal. Optimum conditions
such as pH (2-12), concentration (10-50 mg/L), adsorbent amount (0.01 g/50 mL-0.30 g/50 mL), and contact time (0-
210 min) were determined for the adsorption process. The Langmuir-2 model provided the best correlation, and q,,
values for methylene blue and congo red dyes were determined as 500.00 mg/g and 128.21 mg/g at 298 K. From the
kinetic studies, it was found that the sorption process for methylene blue and congo red dyes followed pseudo-second-
order kinetics. The effect of NaCl and CaCl, salts on methylene blue and congo red sorption on Rumex obtusifolius
roots was evaluated. The adsorption process was found to be endothermic for methylene blue dye (AH’=+19.33 k]/
mol) and exothermic for congo red dye (AH’=—4.99 k]/mol). The process was found to be spontaneous for both dyes
(AG°=-28.10 kJ/mol for methylene blue dye and AG’=-26.14 kJ/mol for congo red dye at 298 K). All findings showed the
potential of Rumex obtusifolius roots as a model adsorbent for the removal of various organic pollutants from wastewater.
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INTRODUCTION

Water pollution has been causing irreversible environmental dam-
age for many years due to globalization and the advancement of
science. Wastewater can adversely influence the quality of drinking
water and, as a result, the ecological system as a result of growing
water overuse in industrial, home, and agricultural settings. Due to
the practices in these fields, the water is contaminated with several
contaminants, including dyes, heavy metals, radioactive substances,
prescription medications, and pesticides, that are dangerous to the
health of all living creatures. These pollutants are produced by a
variety of industrial processes, including those in the food, paper,
textile, automotive, pharmaceutical, and agricultural industries [1-
4]. Significant water contamination is caused by dye use, particularly
in the textile industry. Based on the use of dyes in various industries,
it has been determined that approximately 7x10” tons of dyes are
discharged into the aquatic environment each year and significantly
damage life [5-7]. The biological system is greatly endangered by
the release of dyes into aquatic systems, even in very low quantities.
When introduced into aqueous media, the majority of these con-
taminants are hazardous and do not biodegrade. Additionally, by
blocking sunlight from penetrating the aquatic habitat, dyes dis-
charged into the aqueous media limit photosynthetic processes [8,9].
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Organic dyes in wastewater can be found in different types such
as anionic, cationic, and non-ionic depending on the charge [10,
11]. Congo red (CR) is one of the anionic acidic dyes with formula
C;,H,,NeNa,O4S,, highly soluble in aqueous media and thermally
stable. It is also highly resistant to light and biodegradation, which
has a significant impact on aquatic ecosystems. Organic CR dye is
highly toxic and can cause skin and eye irritation, respiratory prob-
lems, and blood clots. During metabolism, it is converted to ben-
zidine, which is also carcinogenic [12,13]. Methylene blue (MB) is
a toxic cationic dye with the formula C,iH,sCIN;S that is widely
used in many industries. Short-term acute exposure to MB dye
(>7.0mg/kg) can lead to increased heart rate, shock, vomiting, cya-
nosis, jaundice, stone formation, and necrosis of human tissue, while
long-term exposure poses a high cancer risk [14-16]. Due to their
harmful and toxic effects and their non-biodegradability in aque-
ous media, such organic dyes need to be effectively removed from
aqueous solutions.

Aqueous solutions contaminated with organic dyes are often
treated using a variety of techniques, including chemical precipita-
tion, membrane filtration, reverse osmosis, ion exchange, photocat-
alytic degradation, and adsorption. The type and degree of con-
tamination, the amount of wastewater that has to be treated, and
the intended level of treatment can all affect which method is most
appropriate. However, many of the technologies for treating dye
effluent are not appropriate for small-scale enterprises since they
involve a large initial financial outlay as well as increasing costs for
the chemicals and equipment needed. The removal of organic dyes
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from aqueous media via adsorption is flexible and useful because
of its straightforward design, simplicity in use, high efficacy; and low
cost. As a result, research is ongoing to create more eftective and eco-
friendly adsorbents that can improve the efficacy of this approach
even more [17-21].

Biomass wastes have almost no commercial value and are often
difficult to dispose of. Therefore, using such wastes as adsorbents
can increase their economic value and reduce disposal costs [17].
Among these biomass wastes, Rurmex obtusifolius is one of the most
widely distributed and problematic perennial weeds in temperate
regions, grasslands, and field agriculture worldwide. Rurmex obtusi-
folius belongs to the Polygonaceae family and its structure is rich in
compounds such as anthraquinone, steroids, flavonoids, and phe-
nolic acids. It usually grows near meadows, vacant lots, roadsides,
ditches, and shorelines. The leaves of the non-sour species of this
plant are widely consumed as food in Anatolia. However, the roots
of this plant are considered biomass waste and are disordered with-
out being used [22-24]. For this purpose, Rumex obtusifolius roots
were considered as zero waste and used as an adsorbent in this study.

For a successful adsorption procedure in adsorption research, it
is crucial to choose the kind of pollutant to remove from aqueous
solutions. Determining the surface characteristics of the chosen
adsorbent, particularly its behavior concerning acidity and basicity; is
crucial. Inverse gas chromatography (IGC) is an efficient method
for determining the acidity-basicity behavior of an adsorbent sur-
face since it is low cost, highly accurate, quick, and simple to use.
Simpler techniques, like pH,,, can also be used to analyze this char-
acteristic of the adsorbent surface. However, the IGC technique is
also frequently used to determine surface energy, which is crucial for
figuring out and improving the properties of the material, such as
binding to different surfaces, adhesion, wetting, and surface coat-
ing [25-29].

In this study; the IGC technique was used to examine the surface
characteristics of Rumex obtusifolius roots at infinite dilution. Using
the knowledge from this section as a guide, Rumex obtusifolius roots
were used to remove certain organic dyes from aqueous solutions.
For adsorption studies, the ideal conditions, including pH, contact
time, concentration, temperature, and adsorbent dosage, were estab-
lished. Models for isotherms, kinetics, and thermodynamics were
used with the data. Roots of Rumex obtusifolius were examined using
FTIR-ATR, SEM, BET, pH,,, and zeta potential analyses to char-
acterize them.

MATERIALS AND METHODS

1. Chemicals and Characterization Techniques

n-Hexane (Hx, M,,: 86.18 g/mol, assay: >299.7%), n-heptane (Hp,
M,,: 100.20 g/mol, assay: >99.0%), ethyl acetate (EA, M,,: 88.11 g/
mol, assay: 299.8%), acetone (Ace, M,,: 58.08 g/mol, assay: >99.8%),
dichloromethane (DCM, M,,: 84.93 g/mol, assay: 299.8%), tetrahy-
drofuran (THE M,,: 72.11 g/mol, assay: >99.8%), and chloroform
(TCM, M,,: 119.38 g/mol, assay: >99.8%) were purchased from
Supelco. Hydrochloric acid (HCl, M,,: 36.46 g/mol, assay: 37.0%)
and sodium hydroxide (NaOH, M,: 40.00 g/mol, assay: >95.0%)
were acquired from Merck. n-Octane (O, M,,: 114.23 g/mol, assay:
299.0%), n-nonane (N, M,,: 128.26 g/mol, assay: 299.0%), n-decan
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(D, M,,: 142.28 g/mol, assay: >94.0%), diethyl ether (DEE, M,,: 74.12
g/mol, >297.5%), methylene blue (MB, C,;H,CIN;S, M,,: 319.85g/
mol, assay: >82.0%), congo red (CR, C;,H,,N¢Na,O¢S,, M,,: 696.66
g/mol, assay: 235.0%), and sodium nitrate (NaNO;, M,,: 84.99 g/
mol, assay: >299.0%) were purchased from Sigma Aldrich. All chem-
icals have an extremely high purity.

Agilent Technologies 6890N gas chromatography device was
used to investigate the surface properties of Rurmex obtusifolius roots
by IGC technique at infinite dilution. The temperature of the sam-
ple injection unit and detector of the gas chromatography device
used throughout the studies is 523 K. Nicolet IS10 Thermo Fourier
transform infrared-attenuated total reflectance (FTIR-ATR) spec-
trophotometer device was used to examine the surface functional
groups of the Rumex obtusifolius roots, conducted in the wavenum-
ber range of 4,000-600 cm™". The surface morphology of Rumex
obtusifolius roots was examined by using Zeiss EVO LS10 scanning
electron microscopy (SEM) device. The specific surface area and
pore size distribution of the Rumex obtusifolius roots were examined
by Quantachrome Instruments BET analyzer. The surface charge
and zeta potential analyses were performed by the Malvern Zeta
sizer device. To adjust the solution pH and determine the pH,,. value,
Ohaus Starter 3100 pH meter was used.

2. Preparation of Adsorbent and Chromatographic Column

Rumex obtusifolius roots were collected from a forest in Kesan
(Yayla), Edirne. The roots were properly washed in water to remove
all dirt and contaminants before being dried at room temperature.
Following this procedure, the roots were repeatedly boiled in dis-
tilled water to get rid of any remaining oil, impurities, proteins, and
color. The dried roots were divided into tiny bits and put through
a grinder until the particles were between 80 and 100 mesh. The
powdered Rumex obtusifolius roots were dried for 24 h at 363 K in
a vacuum oven. For IGC and adsorption tests, the roots were then
kept in a desiccator. A schematic representation of Rumex obtusifo-
lius roots is shown in Fig. S1.

Powdered Rumex obtusifolius roots were filled into a stainless-
steel column about 0.5 meters long. Column ends were plugged
with silanized glass wool to prevent loss of material during analy-
sis. For IGC tests, the column was attached to the instrument and
conditioned at 403 K for 24 h. Following this procedure, the sur-
face characteristics of Rumex obtusifolius roots were assessed using
the IGC method at temperatures between 303.2 and 328.2 K.

3. Inverse Gas Chromatography Studies

The chromatographic column was purchased from Alltech Asso-
ciates Inc. Inert Helium gas was used at a flow rate of 3.7 mL/min
for solvent entrainment across the column. IGC tests were con-
ducted in the temperature range 303.2 to 328.2K with 5-degree
temperature increases. Each experiment was conducted at least four
times to guarantee the consistency of the data. The IGC instrument
was filled with air and organic solvents using a 1 and 10 pL Ham-
ilton syringe. For infinite dilution, the probe (0.1 uL) was taken
into the syringe and flushed into the air. Then, the retention times
for the probe and air were determined. At least four consecutive
injections were made for each probe and air at each set of mea-
surements.

4. Batch Sorption Studies
The elimination of MB and CR dyes from aqueous solutions



Removal of dyes using Rumex obtusifolius roots 3005

was investigated using batch sorption assays. For these tests, the
adsorbent was added to 50 mL of dye solution in 100 mL conical
flasks, and the water bath was heated and shaken. Batch sorption
experiments were carried out at temperatures of 298, 308, and 318 K.
Stock solutions of MB and CR dyes were prepared by dissolving
accurately and precisely weighed MB and CR dye powders in dis-
tilled water at a concentration of 1,000 mg/L. The concentration
range for sorption studies was chosen as 10-50 mg/L and these
concentrations were prepared by dilution from the stock solution.
The agitation speed was kept constant at 150 rpm for sorption tests.
Sorption experiments were also performed at different initial pH
ranges from 2 to 12. The solution pH was adjusted using 0.1 M
NaOH and 0.1 M HCl solutions. The supernatant solution obtained
from all batch sorption studies was analyzed by UV-vis spectropho-
tometer (Shimadzu UV2600) at wavelengths of 663 and 498 nm
for MB and CR dyes, respectively. The sorption yield (Yield (%))
and sorption capacity at “t” time (q, mg/g) and equilibrium (q,, mg/
g) were calculated using Egs. (S9), (S10), and (S11), respectively
[30-32].

RESULTS AND DISCUSSION

1. Characterization of Rumex obtusifolius Roots

The FT-IR spectra of Rumex obtusifolius roots before and after
MB and CR sorption are shown in Fig. 1. FT-IR spectra provide
information about functional groups that may play an active role
in the binding of dye molecules to the Rurmex obtusifolius roots sur-
face. From the spectrum of the sample before sorption, the peaks
observed at 3,320, 1,616, 1,241, and 1,016 cm™' correspond to the
-OH stretchings, C=0 stretchings, S=O sulfur-containing groups,
and C-O stretchings, respectively [33]. From the sample after the
sorption processes, peak shifting was observed in both dyes. These
shifts were attributed to the electrostatic interactions between the
surface functional groups of the Rumex obtusifolius roots and dye
molecules. These shifts clearly show that the hydroxyl, carboxyl, and
sulfate groups on the surface of Rumex obtusifolius roots acted as
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Fig. 1. The FT-IR spectra of Rumex obtusifolius roots before and after
MB and CR sorption.
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Fig. 2. The N, adsorption-desorption isotherms of Rumex obtusifo-
lius roots.

active sorption sites during the sorption process.

N, adsorption-desorption isotherm curves for Rumex obtusifo-
lius roots were shown in Fig. 2. As seen in Fig. 2, the pore volume,
average pore diameter, and surface area of Rumex obtusifolius roots
were determined as 0.0023 cm’/g, 5.03 nm, and 1.85 m’/g, respec-
tively, from the BET analysis. According to the ITUPAC standard
[34], the average pore diameter (5.03 nm) indicates that Rumex obtu-
sifolius roots have a mesoporous structure. When the isotherm curves
of Rumex obtusifolius roots were examined, it was determined that
a Type-III isotherm curve appeared. Besides, the isotherm curves
show the H3 hysteresis loop. In this case, it can be said that the pores
on the surface of Rumex obtusifolius roots are parallel-shaped pores
[35-37]. The surface area was also calculated as 19.02 mz/g from
Langmuir isotherm. Since the Langmuir isotherm model predicts
monolayer adsorption, adsorbate molecules are adsorbed on the
surface as a single layer and the surface area is high. On the con-
trary, since BET isotherm predicts a multilayer adsorption model,
adsorbate molecules are distributed in different layers and the sur-
face area decreases [32,38,39].

To investigate the morphological characteristics of Rumex obtu-
sifolius roots, SEM analysis was performed and the results shown
in Fig. 3 before and after sorption. Fig. 3(a) shows the SEM images
of Rumex obtusifolius roots before sorption and Fig. 3(b) and (c)
show the SEM images after sorption of MB and CR dye, respec-
tively. As seen in Fig. 3, Rumex obtusifolius roots have a compact
surface due to the appearance of amorphous lignin, hemicellulose,
and other non-cellulosic components. Furthermore, Rumex obtusi-

folius roots were found to have a fibrous and rough structure. Rumex
obtusifolius roots have a rough, porous, and heterogeneous surface
structure that allows MB and CR ions to bind to the surface of the
fibers [40].

Rumex obtusifolius roots were tested for pH,,.. using the salt addi-
tion method. 50 mL (0.1 M) of sodium nitrate solution was com-
bined with 0.2 g of Rumex obtusifolius roots at an initial pH (pH,)
range of 2 to 12. The solution at different pH was put in a shaker
for 48 h at 298 K to determine the final pH (pHy). The pH,, was
analyzed using ApH (pH,—pH)) versus pH; plot for Rumex obtusi-

folius roots (41,42]. The determination of the pH,,. value of Rumex
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Fig. 3. The SEM images of Rumex obtusifolius roots before (a) and
after MB (b) and CR (c) adsorption.

obtusifolius roots is very important for determining the pH point
at which the surface is neutral in terms of electrostatic charges. The
pH,. value of Rumex obtusifolius roots was determined as 5.62 as
shown in Fig. S2. The surface of Rurmex obtusifolius roots is positively
charged below the pH,,.. value and enables the sorption of anionic
species, while above the pH,,. value it is negatively charged and
enables the sorption of cationic species [43]. Fig. S2 provides the zeta
potential analysis of Rumex obtusifolius roots at neutral pH. The
research revealed that Rumex obtusifolius roots have a zeta poten-
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Fig. 4. The retention diagrams for non-polar (Hx, Hp, O, N, and D)
and polar solvents (EA, THE TCM, DCM, Ace, and DEE)
on Rumex obtusifolius roots.

tial of —21.90 mV; which is consistent with the presence of negative
charges on the sample’s surface and is advantageous for the sorp-
tion of cationic dyes [44].

2. Surface Properties of Rumex obtusifolius Roots

The surface properties of Rumex obtusifolius roots were investi-
gated with the help of retention times obtained as a result of the
interactions between the active sorption sites on the surface of the
Rumex obtusifolius roots and solvent molecules and net reten-
tion volumes (Vy) calculated according to Eq. (S1) [45,46]. Linear
retention diagrams of InVy versus 1/T according to Eq. (S1) were
plotted and shown in Fig. 4. Surface properties of Rumex obtusifo-
lius roots were calculated with the data obtained from these dia-
grams.

The mechanism of interaction between n-alkanes and Rumex
obtusifolius roots is the dispersion force, which is important for the
investigation of the dispersive surface energy (”) of this biomass
waste. This value arises as a result of weak interactions such as Lon-
don, van der Waals, and hydrogen bonds on the surface of Rumex
obtusifolius roots. The y value was calculated according to the
Dorris-Gray, Schultz, and Donnet-Park approaches whose linear
equations are given in the supporting information file [47-49].

According to the Dorris-Gray method, the 7’ value was calcu-
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Fig. 5. The linear plots of IGC results: (a) The linear plots of RTInV vs. carbon numbers of n-alkanes, (b) The linear Schultz plots in 303.2 K,
(c) The variation of the 5" value vs. temperature for a different method, and (d) The linear plot of - AH $/AN" vs. DN/AN'.

lated by substituting AGyc, values obtained from the slope of the
linear graph (Fig. 5(a)) plotted between the RTInVy, values versus
the carbon number of n-alkanes according to. Eq. (S6), 7y, values
calculated according to Eq. (S4), and a.y,, values taken from the lit-
erature in Eq. (S3) and all results are presented in Table S1. Accord-
ing to the Donnet-Park approach, the % value is calculated similarly
to the Dorris-Gray approach. The only difference between the two
approaches is the calculation of y;, values. According to the Dor-
ris-Gray approach, the j, value is calculated by Eq. (S4), while
according to the Donnet-Park approach, this value is calculated by
Eq. (S5). The %" values calculated from these approaches are pre-
sented in Table S1. As seen in Table S1, the %" values increase with
temperature. It was determined that a stronger binding takes place
on the Rumex obtusifolius roots surface at higher temperatures and
higher energy is required at higher temperatures to remove the
bound molecules from the surface.

The 5 value was also calculated according to the Schultz
method from the slope of the linear plot of RTIn(V ) versus a(")"’
values given in Fig. 5(b) according to Eq. (S7) and the results are
presented in Table S1. As seen in Table S1, similar to the other
approaches, the 7 values increase with temperature in the Schultz
approach. The 5 values were determined as 51.10-56.68 mJ/m’
for the Dorris-Gray approach, 49.41-54.72 mJ/m’ for the Donnet-
Park approach, and 49.19-52.19 mJ/m’ for the Schultz approach,
respectively. Similar results have been obtained in studies in the lit-
erature [50,51].

The three approaches for the calculation of the %~ values were
compared and it was found that all three approaches show a linear
change with temperature, and the results are shown in Fig. 5(c).
As seen from Fig. 5(c), the Dorris-Gray method was found to have
a higher correlation coefficient (R*=0.9881).

Sorption Gibbs free energy (AG,) values for polar solvents can
be calculated from the linear plots of the Schultz approach. In the
plot in Fig. 5(b), AG, values were calculated from the vertical dis-
tances of the symbols of polar solvents to the linear line of n-alkanes.
The results are presented in Table 1, where positive AG, values indi-
cate that the sorption process of polar solvents on Rumex obtusifo-
lius roots is non-spontaneous.

Table 2 shows the sorption enthalpy (AH,) values of polar sol-
vents on Rumex obtusifolius roots. According to Table 2, there is an

Table 1. The variation of AG, (kJ/mol) between Rumex obtusifolius

roots and the polar solvents
T (K) EA Ace DCM TCM THF DEE
303.2 428 3.25 0.29 1.30 2.93 1.46
308.2 426 2.96 0.12 1.18 2.70 1.17
313.2 399 288 0.18 1.19 2.69 0.98
318.2 4.07 3.08 0.37 1.48 2.53 1.04
3232 4.10 3.19 0.42 1.67 2.47 1.03
3282 3.23 2.41 -0.29 0.92 1.68 -0.01
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Table 2. ~AH,, values for the polar solvents onto Rumex obtusifolius
roots

Polar solvents  Ace EA THF DCM TCM DEE
AH, (kJ/mol) 884 1397 15.11 3.26 1.37 14.58

order between the — AH, values as follows: THF>DEE>EA>Ace>
DCM>TCM. According to this order, THF interacts better with
the acidic Rumex obtusifolius roots surface because it is a basic sol-
vent, while TCM is an acidic solvent and interacts weaker with the
acidic Rumex obtusifolius roots surface. Additionally, the AH, val-
ues illustrate that the sorption process onto Rutnex obtusifolius roots
takes place exothermically.

The acidity-basicity behavior of the Rurmex obtusifolius roots sur-
face was calculated by Eq. (S8) using the —AH, values in Table 2
and Gutmanns donor and acceptor numbers. Lewis acid and base
constants were utilized to determine the acidity or basicity of the
adsorbent surface, and the results were used to forecast the sort of
pollutant that would be adsorbed from aqueous media [52,53]. Fig,
5(d) shows the linear plot of —AH}/AN" vs. DN/AN". The acidity
(K,) and basicity (Kp) constants of the Rurmex obtusifolius roots
surface were calculated from the slope and intercept of this linear
plot. Accordingly, the K, value for the Rumex obtusifolius roots sur-
face was calculated as 0.1788 and the K, value as 0.0231. The K,/
K, value obtained by the ratio of these two values was calculated
as 0.13. Since this value is less than 1, it can be said that the Rumex
obtusifolius roots surface has an acidic character, anionic functional
groups can be found on its surface and it can be used as a suitable
adsorbent for removing cationic pollutants.

3. Selectivity Tests

To investigate the selective sorption of toxic organic dyes on Rumex
obtusifolius roots, 0.1 g of Rumex obtusifolius roots was added to
50 mL aqueous solutions containing organic dyes (methylene blue,
methyl orange, safranine T, malachite green, rhodamine B, congo
red, crystal violet, alizarin red S, and indigo carmine) with dye con-
centrations of 20 mg/L. The mixtures were stirred in a water bath
with a heater and shaker at 150 rpm for the contact time (90 min).
The supernatant solutions were then analyzed by UV-vis spectro-
photometry after centrifugation at 9,000 rpm. The sorption yield

90.6 90.3
76.6 81.7

39.0

Synthetic hazardous dyes

Fig. 6. The selectivity of different cationic and anionic dyes onto
Rumex obtusifolius roots.
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was calculated by Eq. (S9) using the data obtained here and the
results shown as column graphs in Fig. 6. As seen in Fig. 6, it was
observed that anionic dyes were not absorbed very well on the Rurmex
obtusifolius roots, while cationic dyes were adsorbed better. When
the dye sorption yields were ranked, they followed the following
order: Methylene blue>Crystal violet>Malachite green>Safranine
T>Rhodamine B>Congo red>Indigo carmine>Methyl orange=
Alizarin red S. According to these results, MB (90.6%) and CR
(39.0%) dyes, which have the highest sorption yield among anionic
and cationic dyes, were selected as model dyes in this work.
4. Optimum Conditions for Sorption Studies
4-1. Influence of Rumex obtusifolius Roots Dosage

The adsorbent dosage is one of the important conditions affect-
ing the sorption process of organic dyes. Fig. 7(a) shows the effect
of the dosage of Rumex obtusifolius roots on the sorption of both
MB and CR dyes. As seen in Fig. 7(a), it was determined that the
sorption capacity (q,) decreased as the dosage of Rumex obtusifo-
lius roots increased, whereas the sorption yield increased. For MB
sorption, the sorption yield increased rapidly by increasing the dos-
age of Rumex obtusifolius roots from 0.01 g/50 mL to 0.05 g/50 mL.
However, further increasing the dosage of Rumex obtusifolius roots
increased the sorption yield very little and it remained almost con-
stant at 99.0%. For the sorption of CR dye, the sorption yield in-
creased continuously with increasing Rumex obtusifolius roots dos-
age up to 0.30 g/50 mL and reached approximately 69.0% at 0.30 g/
50 mL. This increasing trend in the sorption yield of both dyes is
the result of the expansion of the surface area with the increase in
the dosage of Rumex obtusifolius roots and the emergence of more
active sorption sites [54-56]. The sorption yield gradually decreased
with the increase in the dosage of Rumex obtusifolius roots. This
trend is due to the possibility of interactions between adsorbent par-
ticles (aggregation or agglomeration) with increasing Rumex obtu-
sifolius roots dosage, which reduces the total surface area.
4-2. Influence of Initial pH

The solution pH is an extremely important parameter for the
functioning and performance of the sorption process of MB and
CR dyes on Rumex obtusifolius roots. To investigate the effect of
solution pH, MB and CR dye solutions (20 mg/L concentration)
were prepared and the pH was varied from 2 to 12 for both dye
types. Fig. 7(b) shows the effect of solution pH on the sorption of
MB and CR dyes on Rumex obtusifolius roots. As seen in Fig. 7(b),
the solution pH significantly affected the sorption process of both
dyes, because the change in solution pH can affect the degree of ion-
ization of easily protonated and deprotonated functional groups.
The sorption yield of cationic MB dye on Rumex obtusifolius roots
was significantly lower at acidic pH values (pH<pH,,: 5.62), while
the sorption yield of anionic CR dye was higher at acidic pH val-
ues (pH<pH,,: 5.62). This is since at acidic pH values (pH<pH,,:
5.62), the anionic CR dye adsorbs more, and the cationic MB dye
adsorbs less because the Rumex obtusifolius roots surface is rich in
positive charge (H') [57-59]. On the other hand, at basic pH values
(PH>pH,.: 5.62), since the Rurmex obtusifolius roots surface will be
richer in negative charges, the sorption yield of the cationic MB dye
was found to increase, while the sorption yield of the anionic CR
dye decreased. The optimum pH value for both dyes was deter-
mined as approximately 7 to reduce both the pH range of textile
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Fig. 7. The optimum physicochemical parameters of sorption of MB and CR dyes onto Rumex obtusifolius roots: (a) adsorbent dosage, (b)
initial pH, (c) contact time, and (d) initial concentration.

dyes in aqueous solutions (6-10) and the cost.
4-3. Influence of Contact Time

Fig. 7(c) illustrates the effect of contact time on the sorption pro-
cess of MB and CR dyes on Rumex obtusifolius roots at 20 mg/L

initial concentration, pH=7, 0.05 g/50 mL adsorbent dosage. As seen
in Fig. 7(c), the sorption yield reached 90.0% in the first 20 min of
the sorption process for MB dye with increasing contact time. The
sorption yield increased slowly until 90 min contact time reached
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95.0% and remained almost constant after 90 min. Similarly, for
CR dye, the sorption yield reached 25.0% in the first 20 min of the
sorption process. The sorption efficiency increased slowly until 90
min contact time, reaching 30.0%, and remained almost constant
after 90 min. According to these results, the contact time was deter-
mined as 90 min for both dyes. These trends in sorption yields are
because the active sorption sites are empty at the initial stage of the
sorption process and gradually fill as the process progresses [60-62].
As seen from Fig. 7(c), the sorption yield increases with increas-
ing temperature for MB dye, while it decreases with increasing
temperature for CR dye. In this case, the sorption process is endo-
thermic for MB dye and exothermic for CR dye.
4-4. Influence of Initial Concentration

Fig. 7(d) shows the effect of initial MB and CR concentrations
(10-50 mg/L) on the sorption process. In Fig. 7(d), it is seen that
the sorption yields of MB and CR dye molecules decrease with an
increase in concentration. While the sorption yields for MB and
CR dyes are 91.63% and 33.87% at 10 mg/L, they decrease to 78.76%
and 17.74% at 50 mg/L, respectively. This trend is due to the pres-
ence of more active sorption sites for dye sorption on the Rumex
obtusifolius roots surface at lower dye concentrations. However, at
higher dye concentrations, the sorption yield decreases as the active
sorption sites become saturated with dye molecules. On the other
hand, with increasing initial concentration, the sorption efficiency
by Rumex obtusifolius roots increase due to the driving force to over-
come the mass transfer resistance between the bulk liquid phases
and the solid phase, revealing a significant potential for MB and
CR dyes [63-65].
4-5. Influence of Ionic Strength

Fig. 8 shows the effect of NaCl and CaCl, salts on the MB and
CR sorption process on Rumex obtusifolius roots. A decrease for
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MB dye and an increase for CR dye in sorption yield was observed
when NaCl and CaCl, were added to the solution. For MB sorp-
tion, the sorption yield decreased from 85.2% to 65.1% with the
addition of NaCl, while it decreased from 85.2% to 55.6% with the
addition of CaCl,. On the other hand, CR sorption, increased from
32.7% to 79.7% with the addition of NaCl, while it increased from
32.7% to 83.1% with the addition of CaCl,. The decrease in MB
dye is due to the inhibition of the active sorption sites of the Rumex
obtusifolius roots surface by NaCl and CaCl, salts. Na* and Ca’™
ions are thought to interfere with the interactions between the posi-
tively charged MB molecules and the negatively charged parts of the
Rumex obtusifolius roots surface. On the other hand, these ions turn
the negative parts of the Rumex obtusifolius roots surface into posi-
tive active sorption sites and lead to an increase in the sorption
yield for the anionic CR dye [66,67].

5. Sorption Equilibrium Studies

Langmuir, Freundlich, and D-R isotherms were applied to deter-
mine the relationship between the amount of MB and CR dyes
adsorbed per gram of Rumex obtusifolius roots and the concentra-
tion of MB and CR ions in equilibrium [68,69]. Isotherm curves
for MB and CR dyes are shown in Fig. S3(a). As seen in Fig. S3(a),
it was observed that the sorption process of both MB and CR dyes
on Rumex obtusifolius roots followed the L-2 type isotherm model
according to Giles classification. The linear equations of the four
types of Langmuir isotherm, Freundlich isotherm, and D-R iso-
therm are listed in Table S2.

The Langmuir isotherm is the simplest theoretical representa-
tion of monolayer sorption on a surface with finitely many identi-
cal sites. This model indicates that the sorption process occurs at
certain homogeneous sites inside the adsorbent, ie., once a dye
molecule occupies a site on the adsorbent surface, no additional
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Fig. 8. Effect of ionic strength on MB and CR sorption yield of Rumex obtusifolius roots.
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Table 3. Isotherm parameters for the sorption of MB and CR dyes on Rumex obtusifolius roots

Rumex obtusifolius roots

MB CR
Temp. (K) 298 308 318 298 308 318
Langmuir-1
Q. (mg/g) 555.56 555.56 588.24 129.87 101.01 87.72
K, (L/mg) 0.2143 0.3333 0.4146 0.0530 0.0580 0.0580
r’ 0.9889 0.9981 0.9955 0.9959 0.9882 0.9910
Langmuir-2
q. (mg/g) 500.00 555.56 588.24 128.21 105.26 96.15
K, (L/mg) 0.2667 0.3333 0.4359 0.0542 0.0530 0.0477
r 0.9971 0.9990 0.9997 0.9987 0.9960 0.9949
Langmuir-3
q. (mg/g) 520.14 548.95 587.12 128.77 103.84 91.54
K, (L/mg) 0.2464 0.3454 0.4338 0.0540 0.0546 0.0530
r 0.9608 0.9913 0.9899 0.9870 0.9603 0.9584
Langmuir-4
q. (mg/g) 531.18 551.46 590.41 129.48 105.93 93.42
K, (L/mg) 0.2367 0.3424 0.4294 0.0533 0.0524 0.0507
r 0.9608 0.9913 0.9899 0.9870 0.9603 0.9584
Freundlich
K, (mg/g) (L/g)"" 106.38 137.74 165.75 12.91 10.94 9.48
I/n 0.5759 0.5568 0.5761 0.5323 0.5174 0.5180
r 0.9928 0.9732 0.9834 0.9857 0.9684 0.9568
Dubinin-Radushkevich (D-R)
Qo (mg/g) 314.54 345.54 362.38 80.92 67.00 59.55
Ep  (kJ/mol) 121 1.50 1.86 0.26 0.25 0.25
r 0.8801 0.9257 0.9200 0.9199 0.9270 0.9631

sorption occurs at that site. The Langmuir model has four linear
forms [70,71]. The equations of these linear forms are given in Table
S2. The experimental data were applied to the four types of Lang-
muir models given in Egs. (S12), (S13), (S14), and (S15), respec-
tively, and the results are in Table 3. As seen in Table 3, among the
correlation coefficients of the four types, the Langmuir-2 type was
found to have a higher correlation than the others. Therefore, only
the linear graphs of the Langmuir-2 type are shown in Fig. S3(b).
The q,, values calculated from the Langmuir-2 model were deter-
mined as 500.00 mg/g and 12821 mg/g for MB and CR dyes at
298 K, respectively. The high g, values show that Rumex obtusifo-
lius roots are an effective adsorbent. As seen from these results, since
the Rumex obtusifolius roots surface has acidic and anionic func-
tional groups, cationic MB dye is adsorbed more while anionic CR
dye is adsorbed less. Similar results were obtained in other Lang-
muir types. The K; isotherm constants obtained from the Lang-
muir-2 model were in the range of 0-1, indicating that the sorption
process was favorable [72]. These values were used to calculate the
thermodynamic equilibrium constant. Additionally, with increas-
ing temperature, the q,, value of MB dye increased from 500.00
mg/g to 588.24 mg/g, while that of CR dye decreased from 128.21

mg/g to 96.15mg/g. These results indicate that the MB sorption
process on Rurmex obtusifolius roots was endothermic while the CR
sorption process was exothermic. To compare the removal efficiency
of Rumex obtusifolius roots for various pollutants from aqueous solu-
tions and to determine its effectiveness, the q,, values were com-
pared with studies in the literature and listed in Table 4.

The Freundlich isotherm describes the chemical adsorption of
low-concentration solutions on heterogeneous layers by the inter-
action of adsorbed molecules distributed by heat and energy with
high adsorption capacity [76,77]. According to Eq. (S16) in Table
$2, a linear plot of Inq, versus InC, was plotted and shown in Fig.
S3(c). The isotherm parameters calculated from the slope and inter-
cept of this plot are listed in Table 3. As seen in Table 3, the “1/n”
value for both dyes ranges between 0.5-0.6, indicating that the
sorption process is favorable for both dyes. When the correlation
coefficients are analyzed, it is seen that they are lower compared to
the Langmuir isotherm, which is an indication that the sorption
process takes place on monolayer and homogeneous surfaces.

With a Gaussian surface distribution on a heterogeneous surface,
the D-R isotherm serves as an empirical model to describe the mech-
anism of sorption. The pore-filling mechanism is followed by a
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Table 4. The comparison of sorption properties of the agricultural waste in this study and with literature data

Agricultural waste Temp. (K) Dye q. (mg/g) Ref.
Rumex obtusifolius roots 298 MB 500.00 This work
Rumex obtusifolius roots 298 CR 128.21 This work
Labada (Rumex) biowaste 298 RhB 104.91 [33]
Citrus limetta peel waste 298 MB 227.30 [73]
Black cardamom activated carbon 298 CR 69.93 [74]
Ashitaba waste activated carbon 298 CR 345.17 [75]
Walnut shell activated carbon 298 MB 314.19 [75]
semi-empirical equation in this model. Presumably, a multiplayer 6. Sorption Kinetic Studies

character participates in the physical sorption process by using van
der Waals forces. It depends on the temperature of the D-R iso-
therm [78,79]. Linear plots of Inq, versus &* were plotted according
to Eq. (S17) in Table S2 and shown in Fig. S3(d). Isotherm param-
eters were calculated from the slope and intercept of these plots and
listed in Table 3. Using the b values calculated from the slope, Ej;
values were calculated using the “Ej, z=1/(—2/3)""” equation and listed
in Table 3. If the E, values are less than 8 kJ/mol, the sorption is
physical; if it is between 8-16 k]/mol, it is ionic; and if it is greater
than 16 kJ/mol, it is chemical [80]. As seen in Table 3, since the
Ep,.x values are less than 8 k]/mol for both dyes, it can be said that
the sorption of MB and CR dyes on Rumex obtusifolius roots is
physical. However, the low correlation coefficients are insufficient
to explain that the sorption process occurs physically.

The kinetic behavior of MB and CR dye sorption by Rurmex obtu-
sifolius roots was examined using pseudo-first-order (PFO), pseudo-
second-order (PSO), and intraparticle diffusion (IPD) models [81].
The linear equations for these kinetic models are listed in Table S2.
The linear plots drawn according to Eqs. (518), (S19), and (S20) in
Table S2 are shown in Fig. S4. Kinetic parameters were calculated
from the slope and intercept points of the linear plots in Fig. S4
and the results are shown in Table 5. As seen in Table 5, the sorp-
tion of MB and CR on Rumex obtusifolius roots follows the PSO
kinetic due to the high correlation coefficients. Moreover, experi-
mental and calculated q, values also support that the sorption pro-
cess follows the PSO model. While these values are quite close to
each other in the PSO model, the values are quite different in the
PFO model.

Table 5. Kinetic parameters for the sorption of MB and CR dyes on Rumex obtusifolius roots

Rumex obtusifolius roots

MB CR

Temp. (K) 298 308 318 298 308 318
PFO

k, (min") 0.0495 0.0362 0.0382 0.0304 0.0331 0.0496
q. (cal) (mg/g) 178.08 185.82 189.10 56.62 46.18 42.86
q. (exp) (mg/g) 40.26 25.30 26.27 27.37 27.38 37.28
r 0.8939 0.9204 0.9520 0.9533 0.9672 0.9875
PSO

k, (g/mg-min) 0.0033 0.0037 0.0069 0.0024 0.0027 0.0024
Qe (cal) (mg/g) 178.08 185.82 189.10 56.62 46.18 42.86
q. (exp) (mg/g) 181.82 188.68 188.68 59.52 48.08 4525
r 0.9999 0.9999 0.9998 0.9993 0.9986 0.9981
IPD

k, (mg/g-min™’) 26.91 11.01 10.84 7.61 527 5.66
q; (mg/g) 64.76 132.67 136.75 12.42 10.28 291
r 0.9793 0.9900 0.9864 0.9107 0.8293 1.0000
k,, (mg/g-min™) 2.17 2.02 249 2.70 3.61 3.80
q, (mg/g) 158.90 167.11 167.19 31.11 15.09 12.38
r 0.9895 0.9968 0.9987 0.9794 0.9033 0.9095
ky; (mg/g-min’’) 0.16 0.31 043 0.17 -0.12 -0.06
q; (mg/g) 176.59 182.34 193.76 55.04 47.52 43.62
r 0.0954 0.3834 0.4119 0.2880 0.3398 0.0550
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The dynamic mechanism of the MB and CR sorption process
on Rumex obtusifolius roots is studied in three steps. The first one
is film diffusion where the dye molecules move from the bulk solu-
tion to the outer surface of the adsorbent, the second one is the
diffusion of the dye molecules into the pores of the adsorbent, and
the last one is the adhesion of the dye molecules to the inner sur-
face of the pores of the adsorbent [82-84]. To investigate this mecha-
nism, the IPD kinetic model was applied to the sorption of MB
and CR dyes on Rumex obtusifolius roots and the results shown in
Fig. S4(c) and Table 5. The sorption of MB and CR dyes on Rumex
obtusifolius roots was controlled by film diffusion, possibly followed
by intraparticle diffusion, as can be seen in Fig. S4(c), and the first
phase did not pass through the origin. This suggests that equilib-
rium was reached after the three phases were established [85,86].
7. Possible Sorption Mechanism

The possible sorption mechanism for MB and CR sorption on
Rumex obtusifolius roots is shown in Scheme 1. As seen from the
FTIR-ATR spectra in Fig. 1, it can be said that the sorption pro-
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cr

Rumex obtusifolins roots
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cess is mediated by electrostatic interactions and hydrogen bonds
with hydroxyl, carboxyl, and sulfonic functional groups on the
Rumex obtusifolius roots surface. Since the sorption of CR dye on
Rumex obtusifolius roots is exothermic, the H-bonds may also be
effective in the binding mechanism of CR dye. In the SEM images
in Fig. 3, the Rumex obtusifolius roots surface has a porous and
fibrous structure and pore diffusion may play an active role in the
sorption process. Besides, the presence of negative functional groups
on the Rumex obtusifolius roots surface and its acidic character was
supported by IGC, pH,,,, and zeta potential analysis.
8. Sorption Thermodynamic Studies

To predict the mechanism and functioning of MB and CR sorp-
tion on Rumex obtusifolius roots, thermodynamic parameters were
calculated from the equations given in Table S3 [87]. Van't Hoff
plots of InK? versus 1/T for MB and CR dyes are shown in Fig. 9.
The AH’ and AS’ values were calculated from the slope and inter-
cept points of these linear plots. Then, the AG® values were calcu-
lated for different temperatures using Eq. (524) and all results listed

Congo red sorption

Scheme 1. Possible sorption mechanism of MB and CR dyes onto Rumex obtusifolius roots.

1o | MB y =-2.3247x + 19.145
R?=0.9948

118 1

17 4
~ 116
115
E 114

113 4

12 ]

1.1 4

1 : . v . .
31 315 32 325 33 335 34
T x 10 (K1)

11

109 | CR y =0.6008x + 8.5368
R?=0.8641
108 |
107 1
~ 106 ;
105 /"'
E 1041
103
102
10.1
10 . . . . .
3.1 3.15 32 325 33 3.35 34
UT x 10 (K1)

Fig. 9. The linear var’t Hoff plots of MB and CR sorption onto Rumnex obtusifolius roots.
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Table 6. Thermodynamic parameters for sorption of MB and CR dyes on Rumex obtusifolius roots

Thermodynamic AH’ AS AG’ (kj/mol)
parameters (kJ/mol) (J/mol-K) 298 K 308 K 318K
MB 19.33 159.17 -28.10 ~29.69 -31.28
CR -499 70.97 -26.14 -26.85 -27.56

in Table 6. Positive values of AS’ indicate increased randomness at
the solid/solution interface during the sorption of MB and CR dyes
on Rumex obtusifolius roots and also reflect the affinity of Rumex
obtusifolius roots for MB and CR dyes. The negative values of AG’
indicate that the sorption of MB and CR dyes on Rumex obtusifo-
lius roots is a spontaneous process. The values of AG” decrease with
increasing temperature from —28.10 kJ/mol to —31.28 kJ/mol for
MB dye and from —26.14 kJ/mol to —27.56 kJ/mol for CR dye, indi-
cating that the sorption process is more spontaneous at higher tem-
peratures. The positive value of AH’ for MB dye and negative value
for CR dye indicate that the sorption processes are endothermic
for MB dye and exothermic for CR dye. The AH’ values less than
40 kJ/mol for both dyes indicated that the sorption processes were
physical [88,89].

CONCLUSIONS

Rumex obtusifolius roots were evaluated within the scope of zero
waste and used for the effective sorption of MB and CR dyes from
wastewater. Rumex obtusifolius roots were characterized by FTIR-
ATR, SEM, BET, pH,,, and zeta potential analyses. From BET
analysis, it was observed that Rumex obtusifolius roots had a sur-
face area of 1.85m”/g and a mesoporous structure. Besides, SEM
images revealed that Rumex obtusifolius roots have a fibrous and
porous structure. From IGC studies, it was determined that their
roots were acidic (Kp/K,=0.13). From IGC, pH,,, and zeta poten-
tial results, it was predicted that Rumex obtusifolius roots were acidic
and anionic in character and cationic pollutants would be adsorbed
more effectively. In addition, the 5 values were calculated from
the IGC technique according to Dorris-Gray (51.10-56.68 mJ/m’),
Schultz (49.19-52.19 mJ/m’), and Donnet-Park (49.41-54.72 mJ/m’)
approaches. It was found that the 7 values increased with tem-
perature with a more effective binding at higher temperatures. The
optimum conditions for sorption were determined as pH=7, 90
min contact time, and 0.05 g/50 mL adsorbent dosage for both dyes.
The effect of NaCl and CaCl, salts on the sorption process was inves-
tigated and it was observed that these ions negatively affected MB
sorption while they positively affected CR sorption. The data ob-
tained from sorption tests were applied to various isotherm models.
From the high correlation coefficients, Langmuir-2 isotherm was
found to be the most suitable for the sorption of both dyes, and
the q,, values were calculated as 500.00 mg/g and 128.21 mg/g for
MB and CR dyes at 298 K, respectively. Kinetic studies indicated
that the sorption process followed the PSO kinetic. According to
the IPD kinetic model, film diffusion and perhaps intraparticle diffu-
sion was responsible for controlling the sorption of MB and CR dyes
on the roots of Rumex obtusifolius until equilibrium was reached.
From the thermodynamic parameters, it was observed that the sorp-
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tion process of MB and CR dyes on Rumex obtusifolius roots was
endothermic (AH’=19.33 kJ/mol) and exothermic (AH’=—4.99 kJ/
mol), respectively. Also, the process was spontaneous for both dyes.
From all these results, it was determined that Rumex obtusifolius
roots can be used as an effective and eco-friendly adsorbent for the
removal of various types of organic pollutants from wastewater.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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